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The influence of transcription on homologous intrachromosomal recombination between direct and inverted
repeats has been examined by using Chinese hamster ovary cells. Recombination was monitored between two
integrated neomycin (neo) genes, including one silent allele and a second allele regulated by the inducible mouse
mammary tumor virus promoter. Transcription ofmouse mammary tumor virus neo alleles was regulated with
the glucocorticoid hormone dexamethasone. Alleles transcribed at high levels recombined about two- to
sevenfold more frequently than identical alleles transcribed at low levels. Direct repeats recombined primarily
by a gene conversion mechanism; inverted repeats produced a variety of rearranged products. These results are
discussed in relation to recombinational processes that regulate gene expression, influence gene family
structures, and mediate genomic instability associated with cellular transformation and tumorigenesis.

Homologous recombination levels have been correlated
with transcription levels in both yeast and mammalian cells.
Evidence for enhanced recombination in transcriptionally
active DNA in the yeast Saccharomyces cerevisiae was first
obtained by Keil and Roeder (13) during a search for
recombination hot spots. This search led to the isolation of
HOTI, which mapped to the rRNA gene cluster. HOTI
enhanced homologous recombination between nearby dupli-
cated genes by 5- to 10-fold. Linker insertion mutagenesis of
HOTJ demonstrated that the recombination-stimulating ac-
tivity correlated with its capacity to promote transcription
by RNA polymerase I (25). In diploids, HOTI stimulates
interchromosomal gene conversion (29, 30). RNA polymer-
ase II-mediated transcription driven from the GALl-10 pro-
moter was also shown to enhance mitotic intrachromosomal
recombination between nontandem duplications. These
studies showed that transcription of only one duplicated
element was required to stimulate recombination by a cross-
over mechanism (26). In the fission yeast Schizosaccharo-
mycespombe, meiotic and mitotic interchromosomal recom-
binations are enhanced by the highly activeADHJ promoter
(9).
Although there is direct evidence that transcription en-

hances extrachromosomal recombination in mammalian
cells (19), only indirect evidence has been reported for
mammalian chromosomal loci. Alt and coworkers found that
immunoglobulin gene rearrangements were immediately pre-
ceded by increased transcriptional activity (1, 2). These
results were explained by a model suggesting that transcrip-
tionally active (open) DNA conformations are more acces-
sible to nuclease attack. Further indirect evidence that
transcription enhances homologous recombination in mam-
malian cells has come from gene targeting studies (11, 18)
and from studies of the meiotic recombination hot spot in the
mouse Ep gene (23).
The mechanism of transcription-enhanced recombination

is not understood. However, in yeasts it is dependent on the
RAD52 gene product, which is involved in double-strand
break repair, suggesting a role for double-strand breaks (17,
27). Studies of yeast mating type interconversion support
this notion. Recombination at mating type loci is initiated by
HO nuclease-mediated double-strand cleavage of the tran-
scriptionally active AMT locus; the homologous, but tran-

scriptionally silent, HML and HMR loci are not cleaved by
HO nuclease. As suggested for immunoglobulin rearrange-
ments, transcriptionally active AL4TDNA was hypothesized
to be more accessible to enzymatic cleavage than silent
DNA (15).

This report describes studies of transcriptional effects on
intrachromosomal recombination between duplicated neo-
mycin (neo) genes stably integrated into CHO chromo-
somes. Transcription of one neo gene was controlled by the
dexamethasone (DEX)-responsive mouse mammary tumor
virus (MMTV) promoter (21). Recombination levels were
enhanced two- to sevenfold when transcription was induced
with DEX relative to levels with identical, less active alleles,
providing direct evidence that transcription enhances intra-
chromosomal recombination in mammalian cells. Recombi-
nation between direct repeats was mediated primarily by a
gene conversion mechanism. In contrast, recombination
between inverted repeats produced a variety of rearranged
products.

MATERIALS AND METHODS

Plasmids. Standard procedures were used for molecular
cloning (22). Plasmid DNAs were prepared as described
previously (5). Derivatives of plasmid pMSGneo (19) were
produced in several steps. Both HindIIl sites were destroyed
by cleaving pMSGneo with HindIII, filling in the 4-bp
extension with T4 DNA polymerase, and ligating with T4
DNA ligase. Frameshift mutations were introduced into neo
in the resulting plasmid (pMSGneoAH3) by inserting 10-bp
HindIII linkers (New England Biolabs) into either the MscI
site or a filled-in BssHII site, producing pMSGneoH(Msc)
and pMSGneoH(Bss), respectively. An EcoRI-linked Hin-
dIII-SmaI fragment of pSV2neo (24) carrying neo coding
sequences, but lacking mammalian promoter and transcrip-
tion termination signals, was produced by replacing the
HindIII site in plasmid pneo (19) with EcoRI linkers. This
1,200-bp neo fragment was inserted into the EcoRI site in
pMSGneoH(Bss) and pMSGneoH(Msc), and four deriva-
tives (called pMSGneo2) were isolated with direct or in-
verted neo duplications.

Construction and characterization of CHO cell lines with
heteroallelic neo genes. Cell culture and electroporation con-
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FIG. 1. Structures of integrated recombination substrates. Two
copies of the 1,200-bp neo coding fragment were present either as
direct or inverted repeats (open boxes). HindIII linker insertion
mutations in either MscI sites [H(M)] or BssHII sites [H(B)] are

shown by dark bars. pBR322 DNA is shown by thick lines. Strains
carry either direct repeats (types 1 and 3) or inverted repeats (types
2 and 4).MTTVneo genes have either 3' mutations (types 1 and 2)
or 5' mutations (types 3 and 4). Distances between sites are shown
in kilobase pairs; the NcoI site in neo is 36 bp from the BssHII site.
ScaI-NcoI fragments shown for strain types 1 and 2 are identical in
types 3 and 4, respectively. XbaI sites shown for strain types 3 and
4 are identical in types 1 and 2, respectively.

ditions were described previously (19). From 0.1 to 1,ug of
the four pMSGneo2 derivatives were linearized with NdeI
and electroporated into CHO strain Klc, producing MAX-
resistant (MAXF) transfectants that were characterized by
Southern hybridization analysis as previously described
(19). Total RNA was prepared from cultures inoculated with
1x 106 to 1.5x 106 cells in 100-mm (diameter) dishes
incubated for at least 2 days. RNA preparations and North-
ern (RNA) hybridization analyses were performed as previ-
ously described (19).

Recombination assays. Recombination frequencies were

determined with independently derived populations of par-

ent cell lines. Independent populations were produced by
seeding parent cells at low densities in 6-well dishes, incu-
bating for 7 days, transferring single colonies from each well
to 100-mm dishes, and expanding until confluent. Cells were
harvested and quantified with a Coulter counter, and 6 x 106
cells were plated in six 100-mm dishes in medium containing
G418 (500,ug/fml; active concentration, 520,ug/mg). DEX (1

,uM, unless otherwise noted) was added to half of the dishes
immediately after inoculations, and dishes were not dis-
turbed during an 11-day incubation to avoid dislodging cells.
G418-resistant (G418D colonies were stained with 1% crystal
violet in 70% ethanol and counted. Recombinant colonies
were counted only when greater than 50 cells; smaller
colonies were not counted, as these may have arisen from
cells detaching from the plate and reattaching at a different
position. Plating efficiencies were similar in the presence and
absence of DEX. Recombination frequencies were calcu-
lated as the number of G418' colonies formed per cell plated.

RESULTS

Cell lines with inducible heteroallelic neo genes. The effects
of transcription on recombination were investigated with
four types of strains carrying integrated neo heteroallele
duplications flanking a selectable Escherichia coli gpt gene

driven by the simian virus 40 (SV40) early promoter (SVgpt)

(Fig. 1). One neo allele, regulated by the inducible MMTV
promoter, was inactivated by linker frameshift mutations in
either 5' or 3' positions (MscI or BssHII sites, respectively).
The second neo allele had wild-type coding sequences but
was nonfunctional because it lacked a promoter. Integrated
recombination substrates were predicted to produce G418r
recombinants by several mechanisms including gene conver-
sions of MMTV neo, crossovers between neo genes, or
unequal sister chromatid exchanges in G2. Gene conversion
products of all strain types were expected to retain parental
structures, losing only the mutation sites in MMTV neo
alleles. Crossovers between direct repeats (strain types 1
and 3) were predicted to delete SVgpt genes, producing
recombinants sensitive toMAX medium (MAXS); unequal
exchanges yield either neo triplications with two SVgpt
genes (MAXT) or MAXS products indistinguishable from
those formed by crossovers. Crossovers and unequal ex-
changes between inverted repeats (strain types 2 and 4) were
predicted to invert the SVgpt gene. Therefore, all G418r
recombinants of inverted-repeat strains were expected to
remain MAXr. Structures of recombinant products could be
confirmed by Southern hybridization analysis.
Ten independent MAXr transfectants of each strain type

were screened for resistance to G418 to eliminate those that
had undergone a successful recombination event during
transfection. Consistent with the results of Lin et al. (16),
plasmids with inverted repeats produced more G418' recom-
binants during transfection than those with direct repeats (50
versus 15%, respectively). On the basis of Southern hybrid-
ization analysis of all MAXr G418S transfectants, two iso-
lates of each strain type were selected for further character-
ization (Fig. 2). Seven strains carried single copies of intact
recombination substrates. The remaining strain (designated
2-3) apparently had integrated neo-SVgpt-neo sequences
separated from the MMTV promoter. Northern analysis
showed that treatment with DEX greatly increased the
amount of neo mRNA in all strains, except strain 2-3
(representative data are shown in Fig. 3). Although direct
measurements of transcription rates were not made, it is well
established that increased amounts of mRNA produced from
MMTV promoter-driven genes in cells treated with DEX
result from increased rates of transcription (21, 34). There-
fore, measurements of neo mRNA levels by Northern anal-
ysis are likely to accurately reflect MMTV neo transcription
rates.
To measure reversion frequencies of mutant MMTV neo

alleles, analogous strains that lacked silent copies of neo
were constructed. The presence of intact, integrated plas-
mids was confirmed as above for four isolates, including two
each with mutations in MscI and BssHII sites (data not
shown). Reversion of MMIV neo alleles in these control
strains was measured by plating 3 x 106 cells in G418
medium with or without DEX in standard assays (Materials
and Methods). Reversion frequencies in the presence or
absence of DEX were50.33 x 10-6.

Expression of MMTIV neo+ alleles in the absence of DEX is
sufficient to confer G418 resistance. Since recombination
between heteroallelic neo genes transcribed at low levels
was monitored by selection for G418r colonies in medium
lacking DEX, it was important to demonstrate that single
MMTV neo+ genes are expressed at sufficient levels in the
absence of DEX to confer the G418' phenotype. This was
demonstrated in a transfection-based assay system (19) and
is supported by two sets of control experiments with the
strains used in this study. First, all eight strains shown in
Fig. 2 yielded G418r colonies in the absence of DEX.
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FIG. 2. Southern analysis of integrated neo heteroalleles. Ap-
proximately 10 .g of genomic DNA from each of eight strains
containing integrated derivatives of pMSGneo2 was digested with
the indicated enzymes, separated on a 0.8% agarose gel, transferred
to a nylon membrane, and hybridized with a 2P-labeled neo probe.
Control digests of appropriate pMSGneo2 derivatives are present in
lanes 5, 10, 15, and 20. Control lanes contain 40 pg of plasmid DNA,
an amount equivalent to about four integrated copies. Sizes of
control DNA fragments are listed in kilobase pairs; fragment iden-
tities are shown in Fig. 1. (Top) ScaI sites present within MMITV
promoter and pBR322 sequences allow excision of integrated plas-
mids nearly intact. NcoI cleaves asymmetrically within neo and is
therefore diagnostic for direct and inverted repeats. Both yield
fragments of 1.8 and 1.4 kbp. Direct repeats also yield 3.8- and
0.9-kbp fragments, and inverted repeats yield a 3.3-kbp fragment
and a second 1.4-kbp fragment. HindIII linker insertions within
MMTV neo alleles are verified byHindIll digests. Strain types 1 and
2 yield 6.1- and 1.8-kbp fragments; types 3 and 4 yield 6.4- and
1.5-kbp fragments. (Bottom) Because XbaI cleaves recombination
substrates once, XbaI digests are diagnostic for single-copy inte-
grants. Inverted and direct repeats should produce one or two
hybridizingXbal fragments of indeterminant size, respectively (Fig.
1). All strains lack an XbaI fragment equal to the 10-kbp linear size
of pMSGneo2 (lane 5, cleaved with XbaI) and are therefore single-
copy integrants. BstXl does not cleave within the integrated DNA.
A single BstXI fragment larger than linearized pMSGneo2 (lane 15,
cleaved with XbaI) is diagnostic for plasmids integrated at a single
chromosomal locus.

Structural analysis of recombinant products (described be-
low) confirmed the presence of single MMTV neo+ genes.
Second, reconstruction experiments were performed with 10
G418r (MAXr or MAX5) recombinants from strains 3-3, 3-6,
4-6, and 4-9 that had arisen in the presence or absence of
DEX. Approximately 200 cells of each recombinant were
inoculated into three dishes containing either nonselective
medium, G418 medium, or G418 medium with DEX. In each
case, similar numbers of colonies arose on selective and
nonselective dishes (Table 1). To mimic the experimental
conditions used to monitor recombination, reconstruction
experiments were repeated with selective medium contain-
ing 106 cells of the corresponding parental lines (i.e., G418S
MAXr cells). The number of additional recombinants pro-

FIG. 3. DEX-induced transcription of MMTV neo. For each
strain, 106 cells were plated on two 100-mm (diameter) dishes and
incubated for 24 h. DEX was added to half of the dishes to a final
concentration of 1 p.M, the cells were incubated for 24 h, and total
cellular RNA was prepared. Northern hybridization was performed
with a 32P-labeled neo probe. Equal loading is shown below in a
photograph of ethidium bromide-stained 18S rRNA. Upon longer
exposure, faint signals are detectable in the absence of DEX for
each strain except 2-3 (data not shown).

duced from 106 cells of each of the four parent strains was
determined independently in parallel dishes lacking G418r
recombinant cells, and these background recombination
values were subtracted from experimental values. There
were no significant differences between the numbers of
colonies formed in the presence and absence of DEX (Table
1). These experiments demonstrate that MMTV neo+ alleles
are transcribed at sufficient levels to confer G418' in the
absence of DEX.
Intrachromosomal recombination frequencies are propor-

tional to transcription levels. Recombination frequencies
were determined in at least four independently derived
populations of the eight strains described in Fig. 2 (see

TABLE 1. Plating efficiencies of recombinant products in
selective and nonselective media

Plating efficiency

Parent With 106
(n)a Nonselectiveb G418b G418+DEXb parent cellsC

G418 G418+DEX

3-3 (2) 100 2 101 26 83 13 81 13 91± 17
3-6(3) 100 13 104 21 70 22 53 10 62± 15
4-6 (2) 100 13 83 6 75 2 31 22 38± 12
4-9 (3) 100 +±39 77 19 83 12 61 12 85 ±+33

an, number of G418T recombinants tested. Both strain 3-3 recombinants
were MAXr; one arose without DEX, one arose with DEX. Two of three from
strain 3-6 were MAXT; one each arose with and without DEX, and the MAX'
recombinant arose without DEX. One strain 4-6 recombinant was MAXS and
arose without DEX, and one was MAX' and arose with DEX. Two of three
from strain 4-9 were MAXT; one each arose with and without DEX, and the
MAX' recombinant arose with DEX.

b Equal numbers of cells of each recombinant were seeded in the three
types of media. For each experiment, the number of colonies formed under
selective conditions was normalized to values with nonselective medium,
which were assigned a value of 100. Averages (+ standard deviations) are
given for products of strains 3-6 and 4-9; averages (- ranges) are given for
products of strains 3-3 and 4-6.

' Results with 106 parent cells mixed with recombinant cells prior to plating;
recombination levels for each parent strain were independently determined
and subtracted from observed values. These corrected values were then
normalized to values with nonselective medium; averages and variations are
presented for products of each strain as described above.
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TABLE 2. Transcriptional enhancement of intrachromosomal recombination

Recombination frequency' (106)
Strain Fold Mean DEX pt
(na) DEX DEX increasec increased inducibility' P (ty

absent present

1-5g (5) 0.3 ± 0.1 1.0 ± 1.0 3.0 3.0 ± 3.5 + <0.45
1-8 (4) 2.8 ± 3.1 8.8 ± 7.3 3.1 6.6 ± 4.6 + <0.20
2-3 (5) 5.5 ± 4.4 0.2 ± 0.3
2-5 (4) 5.9 ± 1.5 8.1 ± 4.2 1.4 1.5 ± 0.7 + <0.35
3-3 (5) 3.1 ± 1.4 6.1 ± 2.3 2.0 2.4 ± 1.4 + <0.05
3-6 (5) 4.4 ± 2.0 13.8 ± 5.4 3.1 3.7 ± 2.3 + <0.01
4-6 (5) 2.8 ± 1.3 19.3 + 10.6 6.9 7.5 ± 4.8 + <0.01
4-9 (4) 4.5 ± 1.3 12.5 ± 4.1 2.8 3.0 ± 1.2 + <0.01

a n, number of independent determinations.
b Average recombination frequencies (+ standard deviations) were determined as described in Materials and Methods.
c Fold increase was calculated by dividing the average recombination frequency with DEX present by the average recombination frequency with DEX absent.
d Fold increases for each independent population were calculated as described above. The mean increase represents the average (_ standard deviation) of fold

increase values independently determined for each population of each strain type.
' DEX inducibility of neo transcription was monitored by Northern hybridization (Fig. 3).
f Probability values from t test.
g Strain 1-5 grows slowly and is tetraploid.

Materials and Methods). Because cultures were split into
separate dishes immediately before DEX was added to half
of the dishes, the number of preexisting recombinants was
internally controlled for each independent population of
each strain tested. Background recombination frequencies
are expected to vary among independent populations of each
strain because of variations in the rate of recombination and
in the timing of events during culture expansion, with very
early events producing "jackpots." These variations are
exhibited as large standard deviations. Therefore, recombi-
nants existing within any single population of cells at the
time of plating may or may not have resulted from indepen-
dent recombination events. In analyses of recombinant
products (see below), recombinants were considered to have
arisen independently when derived from independent popu-
lations of parent strains. Alternatively, independence can be
established for products with different phenotypes (i.e.,
MAX' or MAXS) or different genotypes (e.g., crossovers and
gene conversions).

All strains, except 2-3, exhibited enhanced recombination
when transcription was stimulated with DEX (Table 2).
Thus, transcription stimulated recombination between both
direct and inverted repeats. The increased recovery of G418r
recombinants in DEX-treated cultures is due to increased
numbers of independent events, since cultures were not
disturbed following the application of G418-selective pres-
sure (the observed DEX-dependent increase in recombi-
nants does not depend on the independence of background
recombinants). Increases are quantitated in Table 2 as the
ratio of the average recombination frequencies for DEX-
treated and untreated cultures (fold increase). Increases in
recombination frequencies are significant with strain types 3
and 4 [P (t) < 0.05], but significance cannot be established
for the three remaining strains with intact recombination
substrates because of low levels of enhancement and large
standard deviations. However, consistent increases in re-
combination were observed in these three strains, shown by
averages of independently determined increases of all pop-
ulations tested for individual strains (Table 2, mean in-
crease). These latter values provide a measure of the vari-
ability of DEX-dependent increases among independent
populations.
To rule out the possibility that DEX stimulates recombi-

nation nonspecifically, control strains (called SVneo2) which

were identical to MSGneo2 strains except that the MMTV
promoter was replaced with an SV40 promoter were con-
structed. As above, neo alleles flank SVgpt. The structures
of integrated SVneo2 recombination substrates were charac-
terized, and recombination assays were performed as de-
scribed above. As found with analogous control experiments
involving extrachromosomal recombination substrates (19),
DEX reduced recombination frequencies in SVneo2 strains
(data not shown). It was shown by Northern analysis that
DEX reduced transcript levels of SV40 promoter-driven
genes (19). If these reduced transcript levels reflect reduced
transcription rates, such reductions can explain the observed
DEX-dependent reductions in extra- and intrachromosomal
recombination between SV40 promoter-driven genes. These
control experiments demonstrate that DEX-enhanced re-
combination between neo alleles in MSGneo2 strains de-
pends on the presence of the MMTV promoter.
To characterize the kinetics of DEX-induced transcrip-

tion, two analyses were performed. First, neo transcript
levels were monitored in cells exposed to DEX for increas-
ing times. DEX increased neo mRNA levels within 30 min,
with maximum levels reached in about 4 h. Within 24 h, neo
mRNA levels decreased about fivefold below maxmum
levels (Fig. 4) and continued to decrease between 24 and 48
h (5a). A pulse-chase experiment indicated that treatment
with DEX increases neo transcript levels for several hours
after DEX is removed from culture media (Fig. 4). These
results suggest that recombination is stimulated within 24 h
after DEX addition.
The mechanism of transcription-enhanced recombination

was explored by characterizing independent recombinant
products of direct and inverted repeat strains by using
genetic and physical assays. G418' recombinants were first
tested for resistance to MAX medium. With direct repeat
strains, about 90% of G418' recombinants remained MAX'
(Table 3). Southern analyses confirmed that MAX' recom-
binants lost the HindIII linker mutation, consistent with a
gene conversion mechanism; MAXS recombinants had de-
leted SVgpt, as expected for crossover or unequal exchange
events (Fig. 5). Inverted-repeat strains yielded several un-
expected results. As shown in Fig. 6, products of gene
conversions, crossovers, and unequal sister chromatid ex-
changes with inverted repeats were predicted to retain
SVgpt and remain MAX.r Surprisingly, about 15% of invert-
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FIG. 4. Kinetics of DEX-induced transcription. Total cellular
RNA prepared from strain 4-6 cells was blotted and hybridized as
descnrbed in Fig. 3. DEX was added for the indicated pulse times.
Medium with DEX was either removed and replaced with normal
medium for the indicated chase times (right panel) or was not
removed (left panel). Similar patterns were obtained when G418 was
added simultaneously with DEX (data not shown).

ed-repeat recombinants were MAXS (Table 3). Southern
patterns of 11 inverted-repeat recombinants did not match
predicted restriction patterns (Fig. 6). Additional mapping
indicated that these 11 products had at least eight different
structures (data not shown). Most MAXS products carried a
5.1-kbp EcoRI-ScaI fragment diagnostic for crossovers,
suggesting that SVgpt genes may be inverted in these
products. It is possible that inversions of SVgpt influence
SVgpt expression (see Discussion).
Comparisons of DEX-induced recombination frequencies

and DEX-induced transcript levels for strains carrying iden-
tical recombination substrates, such as strains 3-3 and 3-6
(Fig. 3 and Table 2) and strains 4-6 and 4-9 (data not shown),
suggested that recombination levels might vary continuously
with transcription levels. This possibility was investigated
by monitoring transcript and recombination levels in strain
4-6 cells exposed to various concentrations of DEX. Strain
4-6 was chosen for this analysis because it gave the highest
enhancement of recombination with DEX (Table 2) and
would therefore provide the greatest sensitivity. The results
of this experiment, shown in Fig. 7, indicate that intrachro-
mosomal recombination frequencies are proportional to
transcription levels in this strain. Although full dose-re-
sponse curves were not obtained with other strains, the data
shown in Table 2 and Fig. 3 represent two-point dose-
response curves. In light of these results, it is likely that
these strains would exhibit similar dose-response curves
since various concentrations of DEX would be expected to
elicit similar responses in MMTV promoter-driven genes in
clonal derivatives of CHO Klc cells.

TABLE 3. Genetic analysis of G418' recombinant products

No. of recombinant products

Strain on n DEX absent DEX present
MAXs MA MAXs MAXU

3-3 Direct 0 11 0 12
3-6 Direct 1 10 2 10
4-6 Inverted 3 9 3 9
4-9 Inverted 0 8 1 11

1 2 3 4 5 6 7 8 9 10 11 P C

9.4- _ -79

6.6
7-
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FIG. 5. Direct-repeat recombination products. (Top) Restriction
maps of the parent recombination substrate (A) and the predicted
structure of a crossover product (B) for strain 3-6. neo alleles are
shaded differently so that their positions in the crossover product
are apparent. Fragment sizes are given in kilobase pairs. (Bottom)
Genomic DNAs from eleven G418r recombinants of strain 3-6 were
digested with ScaI and HindIll and analyzed as described in the
legend to Fig. 2 (lanes 1 to 11). Lanes P and C, genomic parental
DNA and control plasmid DNA, respectively, digested with ScaI
and HindIII. MAX' products lose the HindHlI linker mutation and
yield a single 7.9-kbp fragment (lanes 1 to 3 and 6 to 10). MAXS
crossover products lose the SVgpt gene yielding a single 2.6-kbp
fragment (lanes 4 and 11). An unusual rearrangement is present in
lane 5; both parental and gene conversion patterns are found in lane
9, consistent with a nondisjunction event and subsequent gene
conversion. Recombinants in lanes 1, 3, 5, 7, and 10 arose without
DEX; the remainder arose with DEX.

DISCUSSION

Transcriptional enhancement of recombination. There is
substantial evidence indicating that transcription enhances
recombination in yeasts. Only indirect evidence for such an
effect at mammalian chromosomal loci has been reported
previously (1, 2, 11, 18, 23). The present study provides
direct evidence for a correlation between intrachromosomal
recombination levels and transcription levels in mammalian
cells. Transcription enhances recombination between direct
and inverted repeats and requires transcriptional activity in
only one repeat. Preliminary data indicate that similar effects
are found when both repeats are transcriptionally active (Sa).
Recombination levels varied between alleles transcribed at
both high and low levels among strains used in this study,
even among strains harboring identical recombination sub-
strates. Such differences might reflect variations in basal or
induced transcription levels in different chromosomal envi-
ronments. Alternatively, chromosomal environments might
influence recombination independently of transcription.

Similar recombinant product spectra were found with
alleles transcribed at high and low levels. This suggests that
transcription influences recombination frequencies but not
recombination mechanisms. Recombinant products of direct
repeats arose primarily by a gene conversion mechanism, as
found in several studies with yeasts (9, 28-30). However,
two studies with yeasts involving a single-promoter system

6.4

Scal

noneo

.rv

VOL. 12, 1992

No



5316 NICKOLOFF

6.2 1.2 (0.5)

Scal Hindlll EcoRt EcoRI Scal

A--c-SV gp

MMTV neo neo

2.3 5.1 (0.5)

Scal EcoRI EcoRI Scal

B

MMTV neo neo

2.3

[DEX] (nM): 0 1 2 4 6 8 1 lHi}i

5.6

Scal EcoRI Hindill Scal

MMTV neo neo MMTV

1 2 3 4 5 6 7 8 9 10 11 P C

2.3-

96 6 . i 62

4.3 - .

2.3 -;.w
2.0-

amp*.4 -1.2

v 300 -
._

C

U 200 -
c

C

E 100 -
c

0$
0 2 4 6 8 10 1000

[DEX] (nM)

FIG. 6. Inverted-repeat recombination products. Symbols are as
described in the legend to Fig. 5. (Top) Restriction maps of the
parent recombination substrate (A), crossover (B), and unequal
sister chromatid exchange products (C). The 0.5-kbp EcoRI-ScaI
fragment does not hybridize with the neo probe. Gene conversions
yield parent structures lacking the HindIII site. As diagrammed in
panel B, crossovers may have associated gene conversions. (Bot-
tom) Genomic DNAs from 11 G418' recombinants of strain 4-6 were
digested with ScaI and EcoRI (lanes 1 to 11). Parent (lane P) and
plasmid control (lane C) DNAs differ by the presence of a 5.1-kbp
fragment (arrow), possibly because of an early rearrangement during
culture expansion in the particular population used to prepare the
parent DNA sample. Genomic DNA originally isolated from strain
4-6 (shown in Fig. 2) exhibited normal patterns. Several other
digestion patterns (EcoRI, HindIII, ScaI, HindIII-ScaI, and
EcoRV) indicated that the 5.1-kbp fragment is not a partial digestion
fragment (5a). Isolates in lanes 1 to 3, 10, and 11 were MAXT; the
remainder were MAX5. Recombinants in lanes 1, 2, 4, 6, 9, and 10
arose without DEX; the remainder arose with DEX. DNA in lanes
containing greater amounts of genomic DNA migrates slightly more
slowly than plasmid DNA or smaller amounts of genomic DNA; this
is a "salt effect" artifact of loading large amounts of DNA.

similar to that described here demonstrated that transcrip-
tion stimulates crossovers but not gene conversions (26, 27).
These disparate results suggest that recombination mecha-
nisms may be influenced by additional factors such as the
structure and location of recombination substrates. In CHO
cells, physical mapping of recombinant products of direct
repeats clearly showed that transcription stimulates homol-
ogous recombination (Fig. 5). Transcription also stimulated
homologous recombination between inverted repeats, form-
ing MMTV neo+ genes, although additional nonhomologous
recombination events may have produced other complex
rearrangements with inverted repeats (Fig. 6). These results
suggest that inappropriate high-level transcription of re-
peated elements might cause deleterious genetic rearrange-
ments (see below).

Inactivation of inverted SVgpt genes: an antisense switch?
About 15% of inverted-repeat recombinants unexpectedly
inactivated the SVgpt gene, and physical analyses suggested

FIG. 7. Modulation of recombination levels and transcript levels
with various concentrations of DEX. (Top) Strain 4-6 was incubated
in the presence of increasing concentrations of DEX, and total RNA
was analyzed as described in the legend to Fig. 3. (Bottom) The total
numbers of G418r recombinants in three dishes are plotted for
various concentrations of DEX.

that these products may result from crossovers or unequal
sister chromatid exchanges. One explanation for this result
is that rearranged SV40 promoters may be inactivated by
promoter occlusion (7, 8, 12). Alternatively, the absence of
transcription termination and polyadenylation signals in
MMTV neo+ genes produced by crossovers (or unequal
exchanges) might yield antisensegpt mRNA that blocks gpt
translation (Fig. 8). (In stable transfection assays, transcrip-
tion termination and polyadenylation signals were not essen-
tial for functional expression of G418 resistance [unpub-
lished results].) Thus, this system might be acting as an
antisense switch. An antisense switch might prove valuable
if tissue-specific recombination signals (such as those in

neo
- -

I Crossover

MMWVneo An gpt SV40 An neo

FIG. 8. An antisense switch. neo repeats in parent cells are
drawn as open and shaded boxes (above) to allow differentiation in
the crossover product (below). The MMTV neo mutation (black bar)
may or may not be present in the recombinant depending on whether
gene conversion accompanies the crossover (shown as hatched bar).
Transcription termination-polyadenylation signals (An) are shown
for MMTV neo (white arrow) and SVgpt (black arrow), and pre-
dicted mRNAs are shown by wavy lines for the parent and cross-
over product. Antisense mRNA extends throughgpt in the cross-
over product.
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immunoglobulin genes) were used, permitting tissue-specific
regulation of antisense expression.

Possible mechanisms of transcription-enhanced recombina-
tion. The earliest model to explain transcription-enhanced
recombination was proposed by Ikeda and Matsumoto (10)
to account for results with phage X. This model suggested
that RNA polymerase-mediated strand-separation promoted
pairing of homologous regions. Alternatively, transcription
may increase the accessibility of a region to nuclease attack,
as suggested for HO nuclease cleavage of the yeast mating
type locus (15), and nuclease cleavage prior to V(D)J joining
(1, 2). However, some data indicate that transcription may
inhibit HO nuclease cleavage at non-MAT loci (20). Al-
though it is reasonable to suppose that increased accessibil-
ity of transcribed regions to specific nucleases might facili-
tate nuclease cleavage, the role of double-strand breaks in
general transcription-enhanced recombination remains un-
clear.
An alternative set of models draws on the evidence that

transcription promotes supercoiling (32). These models sug-
gest that transcription-mediated alterations in DNA confor-
mation may stimulate recombination and are consistent with
evidence suggesting that topoisomerases suppress recombi-
nation (for a review, see reference 33). For example, yeast
toplltop2 double mutants frequently recombine highly tran-
scribed rDNA repeats, yielding large numbers of extrachro-
mosomal rings. Reactivating topoisomerases in these mu-
tants causes rings to reinsert into their original positions (4,
14). Furthermore, top3 mutants are hyperrecombinogenic
for repeated TY elements (31). These findings suggest that
recombination and topoisomerase activity represent alterna-
tive mechanisms for relieving torsional stress created by
transcription-induced supercoiling. Because supercoiling
increases DNA density, transcription-induced supercoiling
may stimulate recombination by bringing repeated regions
closer together, facilitating strand exchange. Topoisom-
erases recruited to relax transcription-induced supercoils
may mediate recombination directly through strand cleavage
and rejoining activities, but this possibility is inconsistent
with the toplltop2 results described above.

Genetic implications for transcription-enhanced intrachro-
mosomal recombination. The demonstration that transcrip-
tion stimulates intrachromosomal recombination in mamma-
lian cells has several important genetic implications. First,
transcription may influence specific gene rearrangements,
such as those seen with yeast mating type genes and mam-
malian antibody genes. Second, as suggested by Keil and
Roeder (13), intrachromosomal gene conversion between
repeated elements may help to maintain homogeneity be-
tween members of multigene families. Finally, since recom-
bination can cause potentially mutagenic rearrangements or
deletions, it is possible that transcription-enhanced recom-
bination might underlie genome instability associated with
tumorigenesis. Many oncogenes encode either transcription
factors (6) or products that regulate transcription through
signal transduction pathways (3), raising the possibility that
oncoprotein-mediated increases in transcription could in-
crease genome-wide recombination and destabilize the ge-
nome. Genome instability, in turn, might produce the addi-
tional mutations required for growth-deregulated cells to
progress to a tumorigenic state.
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